Background: Factors affecting innate immunity and acting as inflammatory regulators, such as the nuclear peroxisome proliferator-activated receptors (PPAR) could be crucial in the pathogenesis of necrotizing enterocolitis (NEC). We hypothesized that the PPARγ agonist pioglitazone (PIO) might be effective in preventing the development of NEC and/or reducing its severity. Methods: We studied preterm rats in which NEC was induced using the hypoxia-hypothermia model. The treatment group (TG; n = 30) received enteral PIO (10 mg/kg/d) for 72 h and the control group (CG; n = 30) did not. Animals were sacrificed 96 h after birth. NEC was diagnosed evaluating histological ileum changes, and mRNA levels of IL-4, IL-12, IL-6, IL-10, INF-γ, and TNF-α cytokines were measured. results: NEC occurrence was higher in the CG (18/30; 60%) than in the TG (5/30; 16.7%) and was more severe. Proinflammatory IL-12 and INF-γ mRNA levels were significantly lower in the TG than in the CG; conversely, the antiinflammatory IL-4 mRNA level was significantly higher in the TG than in the CG. conclusion: Our results demonstrate for the first time that PIO is effective in reducing the incidence and severity of NEC and in decreasing renal injuries in a preterm rat model. n ecrotizing enterocolitis (NEC) is the most common neonatal gastrointestinal complication in preterm infants (1). The prevalence of this disease is about 7% in infants with birth weght from 500 to 1,500 g, with a mortality of 30% in 28 to 36 wk of gestation infants and 40 % in <28-wk infants (2). Moreover, the development of NEC increases the risk of a delay in neurodevelopment, because inflammatory processes occurring in the gut can have a systemic diffusion, affecting other organs such as the brain (3), and, as recently suggested, the kidney (4). The physiopathology of NEC is not completely understood; however it is considered a multifactoral disease including intestinal immaturity, microbial colonization, and hypoxia-ischemia damage as risk factors. Recently, many studies have suggested that the intestinal mucosa and innate immune system play major roles in the pathogenesis of NEC (5). Thus, factors affecting innate immunity and regulating inflammation, such as the nuclear peroxisome proliferatoractivated receptors (PPAR), could be crucial. PPAR are a family of ligand-activated nuclear receptor transcription factors that regulates the function and expression of complex gene networks, especially involved in energy homeostasis and inflammation (6). They consist of three isoforms (α, β, γ), and PPARγ has been shown to induce anti-inflammatory responses inhibiting proinflammatory transcription factors such as nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) (7-9). Moreover, PPARγ can promote an antiinflammatory antioxidant response interacting with different enzymatic pathways such as cyclooxygenase 2 (COX-2), inducible nitric oxide synthase (iNOS), and endothelial nitric oxide synthase (eNOS) (6). For these reasons, many PPARγ agonists have been implicated in the treatment of oxidative stress-related diseases, such as inflammatory bowel diseases (10) and Parkinson's disease (11).
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Thus, we hypothesized that the thiazolidinedione PPARγ agonist pioglitazone (PIO) might be effective in preventing the development of NEC and/or reducing its severity, and limiting the renal diffusion of related inflammatory processes as markers of a systemic action of the drug. To assess this hypothesis, we pretreated newborn preterm rats in which NEC had been experimentally induced with PIO.
METHODS

Animal Model and Experimental Design
The study protocol was approved by the Italian Ministry of Veterinary Public Health (ordinance n 178/2013 B). In vivo experiments were performed using Sprague-Dawley newborn rats (Harlan Laboratories S.r.l., S.Pietro al Natisone, Udine, Italy), born by cesarian section 1 d before scheduled birth. Newborn rat pups were weighed and placed in an incubator to control body temperature. Animals were fed six times a day with a total volume of 850 μl (12) 
Tissue Harvest and NEC Evaluation
The gastrointestinal tract was carefully removed. A 2-cm tract of distal ileum was collected, separated into four alternative pieces, and stored at −80 °C for RNA extraction or formaldehyde (4%) fixed-paraffin embedded, and stained with hematoxylin and eosin for histological evaluation (12) .
Histological changes in the ileum were scored by a blinded evaluator and graded as described by Dvorak et al. (15) for NEC diagnosis and severity evaluation. In detail, NEC scores were given as follows: 0 (normal), no tissue damage; 1 (mild), slight submucosal and/or lamina propria separation; 2 (moderate), moderate detachment of submucosa and/or lamina propria, and/or edema in submucosal and muscular layers; 3 (severe), severe detachment of submucosa and/or lamina propria, and/or severe edema in submucosa and muscular layers, regional villi sloughing; 4 (necrosis), loss of villi and tissue necrosis. Intermediate scores of 0.5, 1.5, 2.5, and 3.5 were also utilized to more accurately assess the severity of ileal damage when necessary. The diagnosis of NEC was made for histological scores ≥ 2 (16, 17) .
RNA Purification and Quantitative polymerase chain reaction
Total RNA was extracted from frozen ileal tissues using the TRIzol reagent (Life Technologies, Milan, Italy) or from formaldehyde fixedparaffin embedded tissues with the ReliaPrep RNA Miniprep System extraction kit (Promega, Milan, Italy) following manufacturers' instructions. One microgram of RNA was initially reverse transcribed with the High-Capacity RNA-to-cDNA Kit (Life Technologies) in 20 ml reaction volume and then the cDNA was diluted to a final volume of 200 ml. Quantitative PCR for interleukin (IL)-4, IL-12, IL-6, IL-10, Interferon-γ (INF-γ), tumor necrosis factor-α (TNF-α), and Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) (Qiagen, Milan, Italy) was performed on an ABI PRISM 7000 (Applied Biosystem, Milan, Italy) with GoTaq qPCR Master Mix (Promega) using 5 ml of cDNA as template. Relative expression levels were calculated with the ΔΔCt method with GAPDH as housekeeping gene, using the Data Assist software (Life Technologies).
Evaluation of Kidney Fibrosis
Sirius red staining was used to evaluate renal interstitial fibrosis according to established methods (18) . The collagen proteins (extracellular matrix) were stained distinctly red under a light microscope and luminous color under polarized light. Sirius red staining was performed on 7-μm sections of kidney tissues fixed in 4% formalin and embedded in paraffin, mounted on slides. After brief rehydration, deparaffinized sections were incubated for 60 min with Sirius red solution (saturated solution of picric acid 0.1% Direct red 80); after two washes in acidified water, sections were dehydrated by alcohol, cleared in xylene, and mounted with DPX mounting medium. Sirius staining was quantified with ImageJ (imagej.nih.gov/ij/). Briefly, lowmagnification images of stained sections were acquired with a Leica DM4000B light microscope equipped with a DFC320 camera. After color correction and threshold with ImageJ, Sirius red-stained areas were measured and normalized for the total area of the sections; results are reported as percentage of stained area.
Statistical Analysis
Numerical data are expressed as mean ± SD for normal distributed value or as median and interquartile range for non-normal distributed value. Cytokine mRNA was expressed as relative quantity (RQ) with 95% confidence interval (CI). Normality was tested with D' AgostinoPearson Omnibus test. Rat weight and stained Sirius red renal areas were compared between TG and CG using an unpaired t-test. NEC scores between the TG and CG were compared using the MannWhitney U-test for nonparametric values, while the chi-square test was used to analyze differences in incidence of NEC between groups. Differences in gene expression were analyzed by Mann-Whitney U-test adjusting the P value with the Benjamini-Hochberg false discovery rate (FDR) method for statistical correction of multiple comparison. All statistical analyses were carried out using the statistical program R (19) and Graph Pad prism 6 (GraphPad Software, Inc, La Jolla, CA).
The sample size was calculated assuming an incidence of NEC of 60 and 25% in the CG and TG, respectively. We calculated that we needed to study 30 rats in each group to detect this difference as statistically significant with 80% power at 0.05 level.
RESULTS
Sixty preterm rats delivered from four separate litters were enrolled in the study and randomly assigned to the treatment group (TG, n = 30) or control group (CG, n = 30). Birth weight was similar in the two groups (TG vs. CG: 5.8 g ± 0.6 g vs. 5.8 g ± 0.6 g; P = 0.86). During the study period, body weights gradually decreased in both groups but the reduction was higher in the CG than in the TG starting from 48 h (TG vs. CG: 4.4 ± 0.4 g vs. 4 .0 g ± 0.4 g, P < 0.01) until to 96 h of life (TG vs. CG 4.2 g ± 0.4 g vs. 3.5 g ± 0.5 g, P < 0.01) (Figure 1 ). Mortality at 96 h of age was lower in the TG (2/30, 7%) than in the CG (5/30, 17%), but this difference was not statistically significant (P = 0.42).
Macroscopically, the intestinal tracts of CG rats were darker and more hemorrhagic than those of TG rats, suggesting the development of typical NEC injuries (Figure 2a) . Histological examination confirmed that the large majority of villi and mucosal structures in TG rats had normal morphology, but were severely injured in CG rats (Figure 2b) . Consequently, the NEC score was higher (P < 0.01) in the CG (2 (1.5-2.9)) than in the TG (1 (1-1.5)) (Figure 3a) , and the occurrence of NEC was significantly higher (P < 0.01) in the CG (18/30; 60%) than in the TG (5/30; 17%) (Figure 3b) . PIO reduced the incidence of NEC in the TG by 72% in comparison with the CG (60 vs. 17%).
IL-12 and INF-γ mRNA levels were significantly reduced in the TG compared to the CG by 3.9-and 2.7-fold, respectively Figure 1 . Pioglitazone treatment ameliorates necrotizing enterocolitis severity in the preterm newborn rat. Body weights of rats were measured once a day from birth to the end of the experiments; loss of body weight was significantly decreased in TG rats (■, black squares) and remained statistically different from CG rats (• , black circles) starting from 48 h after pioglitazone treatment. **P < 0.01. Data are reported as means ± SD. Sirius red staining showed that deposition of extracellular matrix in the peritubular space was lower in the TG than in the CG (13.37 ± 7% vs. 5.9 ± 4.5%, CG vs. TG, P < 0.05) (Figure 5 ).
DISCUSSION
In this study, we evaluated for the first time the efficacy of PPAR-γ agonist PIO in preventing NEC in a neonatal rat model. We were able to demonstrate that PIO decreases the occurrence of NEC and its severity.
Baregamian et al. (20) first reported the overexpression of PPAR-γ in the rat model of NEC and the effectiveness of pretreatment with PIO in attenuating small bowel injury. However, their study was performed using an adult animal model in which NEC was induced following an ischemiareperfusion procedure (20) that might not resemble the pathogenesis of NEC in the preterm infant very well. Similarly, Okada et al. (21) reported the overexpression of PPAR-γ in an NEC rat model. Their study was also performed using an adult animal model in which NEC was induced by overfeeding with formula milk but the possible role of PIO in preventing NEC was not evaluated (21) . On the other hand, our animal model includes most NEC risk factors, such as prematurity, hypoxia, hypothermia, and formula feeding (22, 23) . Thus, our results represent a valuable confirmation of the previous study (20) and emphasize the possible role of the PPAR-γ agonist in the treatment of NEC.
The mechanism of action of PPAR-γ agonist has not been fully clarified but it is well known that inflammatory processes . NEC quantification in newborn rats. NEC evaluation was performed on H&E stained sections of ileum tracts of rats. The NEC incidence was lower in TG rats (a) (17% vs. 60%) and was associated with a significantly decreased NEC score (b) compared to CG. **P < 0.01. NEC, necrotizing enterocolitis. (5) and that the imbalance between pro-and anti-inflammatory cytokines can favor its development. In our study, we demonstrate that pretreatment with PIO is associated with an increase of anti-inflammatory IL-4 and decrease of the proinflammatory IL-12 and INF-γ in the gut of TG rats. This is relevant because it has been demonstrated that IL-4 leads to polarization of Th cell differentiation toward Th-2 cells that produce a variety of anti-inflammatory cytokines, including IL-4 itself, rather than toward Th1-type cells that produce several proinflammatory cytokines including TNF-α and INF-γ (24). Moreover, it has been found that there is an upregulation of IL-12 and a positive correlation between its production and the progression of tissue damage in an NEC rat model (25) . Although IL-12 can induce the release of INF-γ by T-lymphocytes activating both innate and acquired immunity, its excessive production might favor organ disorders leading to the disruption of the immune system (26) . Furthermore, INF-γ has been reported to inhibit intestinal recovery by preventing gap junction communication between enterocytes (27) . Thus, our findings that PIO treatment is associated with an increase of IL-4 and decrease of IL-12 and INF-γ levels in the small bowel tissues can explain, at least partially, the mechanism by which it can prevent the development of NEC and/or decrease its severity in our animal model. Our results are also consistent with previous studies in rat models of colitis (28, 29) and myocarditis (14) , which show that PPAR-γ receptor agonists (i.e., rosiglitazone, troglitazone, PIO) can exert protective effects on tissues by inhibiting Th-1-inflammatory processes and favoring the shift of immune system activity toward Th-2-dependent protective processes.
In our NEC rat model, PIO was effective in reducing kidney fibrosis secondary to inflammation suggesting a systemic action of this drug. This point may be potentially very important because it has been recently demonstrated that NEC leads not only to inflammation in the gastrointestinal tract, but also to renal inflammation, apoptosis, and altered expression of several renal tight junction that explain from a clinical point of view the frequent occurrence of acute renal failure in severe cases of NEC (29) .
We found that PIO treatment was associated with a lower weight loss of preterm rats. This observation is interesting because the difference in weight loss between the TG and the CG becomes significant after 48 h of life. This probably occurs because, as suggested by Caplan et al. (30) , gut injuries start within 36 h of life in this rat model of NEC, and the protective effect of PIO cannot be ascertained before 48 h of life.
In conclusion, we demonstrated for the first time that pretreatment with the PPAR-γ agonist PIO is effective in preventing the development of NEC and limiting its severity and decreasing renal injuries in a preterm rat model. This action is associated with an increase of the anti-inflammatory IL-4 and decrease of the proinflammatory IL-12 and INF-γ levels in the ileal tract of treated animals. Therefore, PIO could improve the balance between anti-and proinflammatory cytokines in the gastrointestinal tract. Our findings confirm that PPAR-γ agonists, such as PIO, are promising drugs for the pharmacological prevention and treatment of NEC and provide encouragement to the planning of clinical studies in the preterm infant. 
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